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Abstract. We report on the simultaneous transport of mixed quantum degenerate gases of bosonic 87 Rb and 
fermionic 40 K in a harmonic potential. The samples are transported over a distance of 6 mm to the geometric 
center of a Ioffe-Pritchard type magnetic trap. This transport mechanism was implemented by modification 
of the QUIC trap and is free of losses and heating. It significantly extends the capabilities of this trap 
design. We demonstrate a launching mechanism for quantum degenerate samples and show that highly 
homogeneous magnetic fields can be created in the center of the QUIC trap. The transport mechanism may 
also be cascaded to cover even larger distances for interferometric experiments with quantum degenerate 
samples. 



PACS. 52.55.Jd Magnetic mirrors, gas dynamic traps 
Atom lasers - 03.75.Ss Degenerate Fermi gases 



03. 75. Be Atom and neutron optics - 03.75.Pp 



1 Introduction 

Within the past decade, the field of ultracold atomic gases 
has significantly extended the scope of atomic and molecu- 
lar physics [1 1213] . The experimental manipulation of quan- 
tum degenerate gases has led to the development of a tool- 
box for quantum atom optics [1] including guides [5] , beam 
splitters and combiners [6] as well as switches [7]. These 
tools are intended for the development of a new genera- 
tion of guided interferometric sensors [81911011111211311^] . 
One of the main requirements for such experiments is the 
coherent spatial transport of quantum degenerate gases. 
At present, interferometric applications involving ultra- 
cold fermionic atoms are also evaluated and, in some cases, 
regarded as superior compared to their bosonic counter- 
part [15116117] , However, adiabatic transport of quantum 
degenerate fermionic samples had not been accomplished 
up to now. 

Three main types of mechanical transport mechanisms 
for Bosc-Einstein condensates over macroscopic distances 
have been reported. The first transport was achieved by 
carefully moving the focus of a red-detuned dipole trap 
over a distance 44 cm [18]. Although the atomic cloud 
was heated due to vibrations of the moving optical com- 
ponents, the finite depth of the dipole trap provided con- 
tinuous evaporative cooling. Thus quantum degeneracy 
was maintained during the transfer time of 7.5 seconds. 
An alternative method transports the condensate within 
a one-dimensional optical lattice [19] . In order to obtain 
long transport distances, the lattice was produced by two 
counter-propagating Bessel beams. By adjusting the rel- 
ative phase, it was possible to shift the lattice sites and 



transport a condensate over up to 10 cm. The third method 
involves lithographic conducting structures, so-called atom 
chips. After creating a Bose-Einstein condensate with such 
a wire structure, it is possible to shift the condensate by 
applying modulated currents to an additional periodical 
wire pattern 20 21 22 . Transfer distances of up to 1.6 cm 
were demonstrated. 

However, all of these methods suffer from strong heat- 
ing or loss mechanisms. A moving dipole trap involves 
the translation of optics and induces heating due to vi- 
bration. Optical lattices and chip traps typically produce 
strongly confining traps with high trapping frequencies 
and high atomic densities. Although high densities sup- 
port fast evaporation to quantum degeneracy, they are 
impractical for the transport because of heating and atom 
loss due to enhanced three-body collision rates. 

In this paper, we report on the transport of quantum 
degenerate samples of bosonic 87 Rb and fermionic 40 K in 
a harmonic potential over a distance of 6 mm. This also 
constitutes the first transport experiment with a quantum 
degenerate Fermi gas. The transport is realized by adi- 
abatically transforming a Ioffe-Pritchard type magnetic 
trap produced by macroscopic coils. The atom numbers 
are considerably larger than in experiments with atom 
chips [22] and the trapping strength is adjustable with- 
out changing the trap depth. 

The initial production of a quantum degenerate Bose- 
Fermi mixture is performed in a so-called QUIC trap, con- 
sisting of a pair of anti-Hclmholtz coils and a third coil in 
perpendicular orientation [23] , The adiabatic transport is 
realized by adding a second anti-Hclmholtz pair. A nu- 
merical simulation is used to calculate optimized currents 
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for all coils in order to create a slowly changing trap and a 
smooth transport to the final position while maintaining 
a magnetic field for proper spin orientation of the sam- 
ple. By these means, it is also possible to accelerate and 
launch degenerate ensembles with high precision and re- 
producibility. This capability is of great interest for its 
application in fountain clocks [24] and inertial sensors [25] . 

The transport mechanism presented in this paper is 
particularly useful for applications where low heating rates 
and large atom numbers are required. In particular, it may 
be used to load chip traps or optical interferometers [26j 
with large atomic samples. It may also be used to trans- 
port atoms to probe specific position dependent quantities 
[27] . By cascading the coil configuration used in this ex- 
periment, it will be possible to cover much larger transport 
distances. 

In our case, the transport is used to load the atomic 
cloud into a dipole trap located at the geometric center 
of the QUIC trap. Transporting the cloud to this position 
enables us to use the coils of the QUIC trap to gener- 
ate strong homogeneous magnetic fields with small spa- 
tial inhomogcinity. Hence, the applicability of the popular 
QUIC trap is drastically improved, since it can be used to 
produce strong magnetic fields (around 1000 G) at mod- 
erate currents. The use of such fields has recently become 
important for the experimental manipulation of the scat- 
tering properties of ultracold ensembles in the vicinity of 
Feshbach resonances [28|29|30|31] , 

The paper is organized as follows. We give an overview 
of our experimental setup in Sec. [U Details of our imple- 
mentation and results of the transport of quantum degen- 
erate gases are discussed in Sec. [3] We conclude with an 
outlook in Sec. 2] 



2 Experimental Setup 

The apparatus used for the experiments described here 
consists of two glass cells divided by a differential pumping 
stage: a MOT cell, where the atomic clouds are collected 
initially, and a science cell where experiments with ultra- 
cold atoms are performed (see Fig. [T]). The MOT region, 
designed for the collection of large clouds of K and Rb, 
has been described in detail previously [32] . 

Atoms are transferred between these two regions of the 
experiment, by transporting them in a movable magnetic 
quadrupole trap. This transport mechanism is described 
in detail, since it is a key element for further transport 
experiments with quantum degenerate samples. 



2.1 Dual species MOT design 

The MOT is produced in a large glass cell with inner 
dimensions 50 mm x 50 mm x 140 mm at a pressure 
of 1 x 10~ 9 mbar. The cell allows for trapping beams 
with a diameter of 3 cm to capture a large number of 
atoms. Commercial rubidium dispensers and potassium 
dispensers constructed according to Ref. [33] are used to 
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Fig. 1. Outline of the vacuum system and magnetic field coils. 
The glass cell of the MOT is on the left hand side. The atoms 
are transported to the science cell on the right hand side by a 
magnetic field induced by a moving pair of coils as illustrated 
in (a). A differential pumping stage enables a lower pressure 
in the science cell. The three coils of the QUIC trap around 
the science cell are shown on the right hand side. The con- 
figuration (b) is used for the transport of the cold mixture 
to the geometric center of the QUIC trap. The pair of trans- 
port coils (1) is displaced from the geometric axis defined by 
the main coils of the QUIC trap (2), opposite to the QUIC 
coil (3). 



provide vapors of 87 Rb and 40 K. These dispensers are lo- 
cated at a distance of 35 cm from the MOT cell and coat 
the surfaces of the chamber with rubidium and potassium. 

Two high power laser systems are necessary to provide 
the light for magneto-optical trapping of the two atomic 
species. The cooling and rcpumping light for the rubidium 
atoms is provided by two external cavity diode lasers. Both 
beams are superposed and simultaneously amplified by a 
tapered amplifier (TA) chip [33]. A further external cav- 
ity diode laser amplified by a TA provides resonant light 
at the 39 K D2 transition frequency. This light is divided 
into two parts and one part is shifted to the 40 K cool- 
ing frequency by an acousto-optical modulator (AOM) in 
double-pass configuration. The second part is tuned reso- 
nant to the 40 K rcpumping by an AOM in quadruple-pass 
configuration and recombined with the cooling light. Af- 
ter further amplification of the light for potassium with 
a second TA, it is combined with the light for rubidium 
with a long pass mirror. A single polarization maintain- 
ing fiber collects all four frequencies for the cooling of 
potassium and rubidium. The use of a single fiber greatly 
facilitates all further adjustments and the optic setup is 
not more complicated than for a single species MOT. We 
operate the MOT with a total power of 360 mW for Rb 
and 160 mW for K. 

The performance of this MOT is further improved by 
the use of light-induced atom desorption (LIAD) at a 
wavelength of 395 nm. Atoms that are adsorbed at the 
walls of a vacuum chamber are desorbed by irradiation 
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with weak incoherent light. This allows for a temporary 
increase of the desired partial pressure. LIAD can thus 
be used to load a rubidium MOT [35] and to obtain high 
loading efficiencies |36j . Our recent experiments |32j have 
shown that LIAD is particularly well suited as a switch- 
able atom source, since the pressure decays back to equi- 
librium after the desorption light is turned off. For the ex- 
periments described here about 1 x 10 8 40 K and 5 x 10 9 
87 Rb are trapped while the desorption light is on, then 
they arc held in the MOT without desorption light while 
the pressure drops and finally, only magnetic fields are 
used to confine them. 



the two glass cells. Moreover, we have not observed heat- 
ing during the transport and can conclude that this type 
of transport is well suited for the transport of mixtures of 
different species. 

The mechanical transport has been suggested for mix- 
ing of cold gases with many components, which may be 
created in different MOT regions and combined with mov- 
ing coils [40] . This may be especially useful for combina- 
tions, which arc more difficult to combine in a MOT than 
K and Rb. Moreover, a chain of such traps has been sug- 
gested as a step towards a continuously created BEC [42] . 



2.2 Magnetic transport 

After the desorption light is switched off, the tempera- 
ture of the atoms is brought close to the recoil limit in an 
optical molasses phase. In a second preparation step the 
atoms are optically pumped to the fully stretched states 
|/, to/ >= |2,2 > for Rb and |9/2, 9/2 > for K. This al- 
lows to capture the atoms in a magnetic quadrupolc field 
induced by two MOT coils. These are mounted on a trans- 
lation stage. Just before it starts moving, the current of 
these coils is ramped up from 14 A to 28 A in 300 ms, 
which compresses the cold ensemble. 

The coils are moved over a distance of 42 cm to the 
science cell at a pressure of 2 x 10 -11 mbar (see part (a) 
in Fig. [l}. Such transport systems for cold atoms have 
previously been realized using moving coils [37] or sets of 
overlapping coils [38] . since these systems do not require 
a second MOT in the science cell and provide far better 
optical access in this region. 

The magnetic confinement for the transport of cold 
thermal samples is provided by the same coils which pro- 
duce the small field gradient for the MOT. These coils 
can produce a quadrupolc field with a gradient of up to 
138 G/cm. Each coil has 132 turns of 1 mm x 2.5 mm cop- 
per wire. The coils of 13 mm thickness are separated by 
74 mm and have an inner diameter of 45 mm. Their wires 
are fixed by epoxy resin to avoid drifts in the performance. 
No active cooling is needed. 

This pair of coils is mounted on a translation stage 
(Parker, 404 XR series), with a nominal position repro- 
ducibility of 5 fim. However, the motor of the translation 
stage is switched off if it is at rest to avoid rf noise be- 
tween 1 and 30 MHz, which perturbs the rf evaporation of 
rubidium. The switching does not effect the position. This 
experimental technique may be used to transport atoms 
of two species together [39] or for uniting cold clouds [40] . 

The translation stage is a reliable, maintenance free 
tool in our experiments. Although the motion can be con- 
trolled in detail, we have chosen a simple operation meth- 
od. Wc allow for a maximal speed of 10 m/s, limit the ac- 
celeration to 1 m/s 2 , and the jerk to 100 m/s 3 . With these 
settings, the distance of 0.42 m is covered in less than 1.3 s. 
Similarly to other experiments [41138] . at least one third 
of the particles reach the science cell. The losses can be 
accounted to collisions with the background gas and to the 
transport through the differential pumping tube between 



2.3 Production of quantum degenerate gases 

The efficient transfer of cold atoms from the MOT re- 
gion into a harmonic trap in the science cell enables the 
production of quantum degeneracy for both 87 Rb and 
40 K by forced rf-evaporation of rubidium. Therefore, the 
quadrupolc field for the transport is converted into a har- 
monic trapping potential, produced by a magnetic trap in 
QUIC configuration [see Graph (b) in Fig.[T]. 

To load the atoms into the QUIC trap, they are first 
transfcrcd from the transport coils into an even stronger 
quadrupole formed by the main coils of the QUIC trap. 
Subsequently, the current through the QUIC coil is ram- 
ped up. Thus, the atoms are pulled towards this coil and 
the trap is deformed such that effective evaporation to 
quantum degeneracy is possible [23]. The 87 Rb atoms are 
cooled by rf-evaporation until a Bose-Einstein condensate 
with up to 1.5 x 10 6 atoms at a temperature T — 460 nK 
with a transition temperature Tq = 580 nK is reached. 
The 40 K atoms are cooled sympathetically with the Rb 
atoms down to the same temperature reaching a quantum 
degenerate Fermi gas with 1.3 x 10 6 K atoms (with a 
Fermi temperature of Tp = 1530 nK). 

The QUIC trap consists of a set of coils in anti-Hclm- 
holtz configuration with 92 turns with a separation of 
30 mm and a third QUIC coil with 86 turns [see (2) in 
Graph (b) of Fig. [I], which is offset from the center of 
the anti-Hclmholtz pair by 40 mm [see (3) in Graph (b) 
of Fig. [1] . This coil configuration produces an offset field 
of 1.4 G and trapping frequencies for 87 Rb of 23 Hz ax- 
ially and 240 Hz radially. In this configuration the same 
current of 25 A flows through all three coils, yielding an 
offset field stability of 3 mG. All experimental results pre- 
sented in this paper were acquired by releasing the atomic 
clouds from the magnetic confining potential and taking 
resonant absorption images after ballistic expansion. 



3 Transport in a harmonic trap 

Many recent experiments with cold ensembles utilize ho- 
mogeneous magnetic fields to manipulate the interaction 
of cold atoms in the vicinity of Feshbach resonances [43] . 
In our experiments the homogeneous magnetic fields are 
created by the main coils of the QUIC trap [31] , a solution 
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Fig. 2. Calculated magnetic field strength and its gradient 
generated by the main coils of the QUIC trap operated in 
Helmholtz configuration as a function of the radial position 
in the symmetry plane. The transport to the geometric center 
of the QUIC trap results in a smaller variation of the magnetic 
field strength over the size of the size of the cloud. 

that reduces the experimental complexity in the proxim- 
ity of the cell. This allows us to profit from the achieved 
high mechanical and current stability of the QUIC trap. 

However, any displacement of the atoms from the sym- 
metry axis leads to a variation of the magnetic field over 
the width of the cloud. This variation is much smaller in 
the geometric center of the pair of main coils as shown in 
Fig. [21 A transport of the cold mixture to this region will 
therefore lead to a smaller magnetic field spread and thus 
a better control of this crucial parameter. 

We have implemented such a transport of ultracold or 
quantum degenerate samples over a distance of « 6 mm 
in a harmonic trap. This transport is realized by extend- 
ing the capabilities of a magnetic trap in QUIC configu- 
ration [23j with an additional coil pair in anti-Hclmholtz 
configuration. In our case that coil pair is identical to the 
one for the transport to the science cell. Part (b) of Fig. [T] 
illustrates the coil configuration around the vacuum sys- 
tem for this transport. 

The basic idea is to obtain a quadrupolc field induced 
by the two coil pairs (main and transport), which is shifted 
away from the one induced by the main coils alone. For 
any position, the QUIC coil can be used to convert the 
effective quadrupolc field to a harmonic trap. 

We have simulated the magnetic fields to obtain opti- 
mal parameters for the timing of all currents to realize the 
transport. The position of the transport coils was chosen 
such that full optical access to the cell is guaranteed. Pre- 
cise control of the translation stage enables us to position 
the atoms exactly in the center of the main coils. 

For the transport of a quantum degenerate atomic en- 
semble in the magnetic trap, one has to consider both the 
position of the potential minimum and the offset field, 
which corresponds to the trapping frequencies. In par- 
ticular, the offset field should never drop to zero during 
the transformation, otherwise spin flips quickly lead to 



0.0 0.2 0.4 0.6 0.8 1.0 
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normalized time t [x] 

Fig. 3. Simulation of the transport from the QUIC trap to the 
symmetry axis of the quadrupole coils. The top graph shows 
the resulting positions and the offset magnetic field. The mid- 
dle graph illustrates the currents as obtained in an optimiza- 
tion with twelve points. The wobbles for the magnetic field are 
due to the linear interpolation between these points. The trap 
frequencies for 87 Rb are depicted in the bottom graph. Note 
that the trap frequencies for 40 K can be interfered directly us- 
ing the ratio of the masses since the product mj gf = 1 for the 
respective transported states is equal. 

loss from the trap and destroy a quantum degenerate en- 
semble. Another goal of our optimization strategy was to 
quickly reduce the radial trapping frequency in order to 
minimize density dependent losses and heating. 

An optimization algorithm was applied to find suit- 
able currents through the coils taking these issues into 
account. We aimed for the following functional behavior 
of the position x with time t 





+ 1 


cos (n^j 







for a total transfer from position D to the origin in the 
time r. Thus, the velocity of the trap changes steadily 
from and to zero. The result of the simulation is shown 
in Fig. 03 To realize the transfer, the current of the ad- 
ditional quadrupolc coil pair and the current through the 
QUIC coil are simultaneously increased while the current 
through the anti-Hclmholtz coil pair is decreased. The cen- 
ter of the harmonic potential shifts towards the common 
center of the two quadrupole coil pairs. 

By controlling the currents through the coils, the trans- 
fer can in principle be realized adiabatically. Since it is 
experimentally necessary to implement the time depen- 
dence of the currents in linear ramps we have limited our 
simulation to twelve linear ramps. 

Based on this simulation, we have experimentally im- 
plemented the transport and took absorption images after 
each of the applied ramps. The atoms follow the position 
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Fig. 4. Simulated position of the harmonic trap and measured 
positions of a sample of cold rubidium. 




hold time [s] 

Fig. 5. Heating of a 87 Rb ensemble just above Tc in either 
a magnetic trap or while being transported. For the later, the 
temperature in the magnetic trap at the end of the transport 
was measured for different transport times r. 



of the trap precisely, as illustrated in Fig. [4j The mea- 
surement confirms the simulated transport of the ultra- 
cold mixture. It shows that we have complete control over 
the position of the atoms by applying designed currents 
through the coils to induce an adiabatically changing mag- 
netic field. 

Due to the lower trapping frequencies the heating rate 
of the sample in the final trap is lower than in the ini- 
tial QUIC trap (75 and 330 nK/s). The observed heating 
during the transfer is between these two rates and thus 
no additional heating due to the transport is present as 
shown in Fig. [5] In fact, it is possible to transport quan- 
tum degenerate gases without loss of the degeneracy if the 
transport time r is shorter than 1 s. 

Due to the chosen functional behavior [see Eq. (JTJ] in 
particular short transport times r < 1.5 s lead to an oscil- 




mixture of K and Rb 
position of Rb 



0.0 0.1 0.2 

hold time [s] 

Fig. 6. Oscillations in the harmonic trap after the transfer 
from the QUIC trap to the geometric center for pure samples 
and a mixture of rubidium and potassium. Note the change 
in the time scale for the mixture, in which the oscillation of 
rubidium is not only smaller but also strongly damped by the 
potassium atoms. 



lation of the atomic clouds in the final magnetic trap (see 
Fig. . In this case the trap is not changing adiabatically 
anymore and the atoms act like a classical particle in a 
harmonic trap. We have experimentally determined that 
twelve ramps represent a good compromise between adia- 
baticity of the transport and experimental complexity. 

We obtain similar results for the transport of a het- 
eronuclear mixture. Due to the different mass, the 40 K 
atoms oscillate with a different frequency. We observed 
that the amplitude of the oscillations of a cold cloud of a 
single species is significantly reduced if Rb and K atoms 
are transported together (see Fig. [6]). Similar effects in 
the hydrodynamic regime were observed and studied in 
greater detail in Ref. [44]. For transport times above 1.5 s, 
no significant oscillations can be observed and the twelve 
ramps of the currents taken directly from the simulations 
need no fine adjustments. 

In addition to the transfer mechanism our method al- 
lows us to accelerate and launch ultracold ensembles by 
quickly switching off all currents in the middle of the trans- 
fer. Figure [7| shows BECs launched with horizontal veloc- 
ities of up to 80 mm/s. This technique is an alternative 
for launching cold ensembles with optical lattices [19] or 
detuned laser fields, which is usually applied in fountain 
clocks |24j or in inertial sensors |25I45] . Also, the obse rva- 
tion time of quantum degenerate gases can be doubled if 
the sample is launched against gravity, provided that the 
time of flight is the limiting factor. 
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Fig. 7. Trajectories of a BEC launched with two different hor- 
izontal speeds. Several absorption images are compiled into a 
single image and overlay with two parabolas fitted to the ob- 
tained positions of the clouds. From these fits, velocities of 
40 mm/s and 80 mm/s can be interfered, which agree with 
the calculated speed of the harmonic trap at the time when all 
currents are rapidly switched off. 



4 Summary and Outlook 

We have developed a transport mechanism for quantum 
degenerate gases in a harmonic trapping potential and we 
have demonstrated the simultaneous transport of quan- 
tum degenerate bosonic and fermionic samples over a dis- 
tance of up to 6 mm. This mechanism may be cascaded 
to cover even larger distances and thus enables magnetic 
transport experiments with large quantum degenerate sam- 
ples in macroscopic trap configurations. This concept adds 
another powerful method to the toolbox of quantum atom 
optics and will allow novel designs for interferometric sen- 
sors and clocks. 

This transport mechanism enriches the possible appli- 
cations of the popular QUIC trap geometry significantly. 
It allows for a transport of a quantum degenerate sam- 
ple to the geometric center of the main coil pair of the 
QUIC trap. This enables their use for the production of 
large homogeneous fields and thus the investigation and 
utilization of Feshbach resonances, e.g., for the creation 
of heteronuclear dimers or the tuning of the interaction 
of the two trapped isotopes. Moreover, the transport fa- 
cilitates the optical access for additional beams, e.g., for 
the creation of optical lattices or optical pumping such as 
photoassociation. 

In the case of our experiment, the modification has re- 
duced the spread of a magnetic field of 500 G from 240 mG 



to below 16 mG for ensembles at 1 /zK. This variation of 
the magnetic field is no longer due to the inhomogencity of 
the field but due to residual current noise. Such well con- 
trolled magnetic fields in combination with a dipole trap 
allow for the precise control of the effective interaction 
strength and open the pathway to studies of many parti- 
cle physics such as the phase separation between Fermions 
and Bosons or molecular physics such as cold molecule 
production. 
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